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MULTI-PHASE CONVERTER WITH proportional share of the load current. For example, in a 

BALANCED CURRENTS four-phase converter with four converter channels! one 

channel may carry 40% of the load current while the other 
CROSS-REFERENCE TO RELATED channels each carry 20%, rather than each channel carrying 

APPLICATIONS 5 the ideal 25%. Thus, each channel must be sized to carry at 

This application claims the benefit of U.S. Provisional ?f ast40% ? f P*4*to* output current or 15% more than 
Application No. 60/151,982, filed Sep. 1, 1999. ? P ™£ 0 ^ S ^ Des, g mn S each of ^ fou r channels 

for 40% of the projected output current, rather than for 25% 
FIELD OF THE INVENTION °* me P 10 ^^ output current, requires the use of oversized 

io power output transistors and passive components, such as, 
The present invention relates to an apparatus and method for example, inductors and resistors, in order for each 
for balancing the individual channel currents in a multi- channel to safely conduct a higher proportion of load 
phase DC/DC converter. current. Since the distribution of the load varies, each power 

transistor must be larger than needed for the total load. 
DESCRIPTION OF THE RELATED ART 15 However, if the load is more evenly distributed smaller 

There are no known prior art devices or methods that tran f istors u . as w * u 35 P**™ components can be 

specifically balance the channel currents of multi-phase to T *S *"? load e ? mM ca P abait y « oversized 
converters. pnor art s y stems - Smaller transistor and passive components 

i> , 4 . are less expensive and more efficient man larger, hieher- 

Personal computers have direct current (DC) power sup- 20 ?owe[ ^ne^s. ^ 

phes to regulate their operating voltage and current. Early Therefore, what is needed in the art is a multi-phase 

personal computers operated their circuits at ±5 volts and converter which equally shares the load current befween 

drew several amps of current. In order to speed-up each of the phases or channels, 

^^?n°^f^ S ^ lfa ^tT re drOPpCd range Furthermore, what is needed in the art is a multi-phase 
ttl olts and currents have nsen to 50 or more 25 converter which uses smaller transistors and smdierpE 

amps. It is more economical to provide the 50 or more amps components to produce a given load current capability 

Wseveralpowersourcesrather^ thereby making it less expensive to produce and^elL 

This has led many power supply manufacturers to provide & F p 

multi-phase converters with two or more current channels. SUMMARY OF THE INVENTION 
While there are more component parts in multi-phase 30 

systems, the parts themselves are smaller and typically less The P resent invention provides an apparatus and method 

expensive than the high-power parts which must be used in *° r balancing the channel currents in a multi-phase DC/DC 

a single-converter having similar current capabilities. converter. 

When multi-phase converters supply the same load there Tne invention comprises, in one form thereof, a multi- 
is often a voltage mismatch between the channels. If two or 35 phase DC/DC converter having an output voltage and 

more channels have even slightly different output voltages, including a plurality of converter channels. Each converter 

current will flow mostly from the channels with the highest channel includes a converter channel input and a converter 

voltage. Some converters have the ability to sink as well as channel output. Each converter channel is configured for 

source output current. In those converters, current may flow generating a converter channel current and for adjusting said 
from one channel to another, regardless of load current. This 40 converter channel current in response to a control signal 

can lead to excessive power dissipation. Additionally, the electrically connected to each converter channel input A 

load that these converters supply must be limited below the control circuit generates an error signal representative of a 

combined full load capability of the individual channel. comparison of the converter output voltage to a reference 

Without the- capability to share the load current, each V ? lta F* J** 00111x01 circuit deludes a plurality of control 

converter channel provides a current proportional to the 45 circuit channels, each of which correspond to a converter 

average phase voltage and the net converter resistance. The channe I. Each control circuit channel generates a channel 

average phase voltage is approximated by c ? rrcnt sl S nal representative of a corresponding converter 

channel current, and generates a differential channel current 

W^Wi^) ^gnal representative of a comparison of the channel current 

50 signal to an average current signal. The average current 

where: signal is representative of an overall average current for the 

Vjy is the input voltage, converter channels. Each control circuit channel generates a 

V UF is the voltage drop across the upper switch, differential error signal representative of a comparison of the 

Ylow k I** voltage across the lower switch, and em)r s fe nal to tBe differential channel current signal. Each 

D is the duty cycle. 55 control circuit channel includes a pulse width modulator 

The net converter resistance includes the summation of having a ramp input and a control input. Hie control input 

the inductor winding resistance, any trace resistance, and the * electrically connected to the differential error signal. The 

time multiplexed resistance of the upper and lower power P ulse width modulator generates the control signal based 

switches. upon the differential error signal. The control signal is 

In multi-phase converters, the ability to equally share the 60 electrically coupled to a corresponding converter channel 

load current depends upon the matching of parameters and input. The control circuit generates the average current 

components between each of the phases or channels. CuiTenl signal- 
sharing is particularly sensitive to any duty cycle mismatch 

between channels. Matching the duty cycle of multiple BRIEF DESCRIPTION OF THE DRAWINGS 

phases is difficult because of inherent component mis- 65 The above-mentioned and other features and advantages 

matches that can induce liming errors. As a result, any of this invention, and the manner of attaining them, will 

channel may be forced to carry significantly more than its become apparent and be better understood by reference to 
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the following description of one embodiment of the inven- verier channel current being sourced by a corresponding 

tion in conjunction with the accompanying drawings, converter channel. The operation of each channel 18a, 186, 

wherein: 18c, ISd is then individually and separately adjusted on the 

FIG. 1 is a block diagram of a four-phase, four-channel basis of the fed-back converter channel current to balance 

converter and 5 ^ e converter channel currents relative to each other. Pro- 

HG. 2 shows the control circuit for the four-channel ^ g !o circuil ^ atmel a fe !f ack sigDai ^ 
' " is proportional to the current bemg sourced by a correspond- 

converter system in FIG. 1. m £ ^ nverter chaMel elimiDatc | ^ ^ th comp S 0 e nt 

Corresponding reference characters indicate correspond- mismatch between the converter channels. Generally, and as 
ing parts throughout the several views. The exemplification will be described with more particularity hereinafter, con- 
set out herein illustrates one preferred embodiment of the verier 10 subtracts from an error amplifier's output a signal 
invention, in one form, and such exemplification is not to be that is proportional to the converter current imbalance 
construed as limiting the scope of the invention in any existing between the converter channels to thereby correct 
manner, for any imbalance between the converter currents. 

DETAILED DESCRIPTION OF THE DRAWINGS 15 Feed b «* P a * electrically ^connects output 36 of 

converter 10 to feedback input 32/ of control circuit 14. 

Generally, the multi-phase converter of the present inven- Control circuit 14 thus receives via feed back path 34 the 

tion has multiple converter channels to source the load voltage being supplied to load 12. 
current. Each converter channel can be considered as an Referring now to FIG. 2, control circuit 14 is shown in 

independent converter, and is controlled by a pulse-width ^ more detail. Generally, and as will be described with more 

modulated (PWM) signal. For this discussion, each con- particularity hereinafter, the converter channel current of 

verier channel is a buck converter or synchronous-rectified e acb converter channel 18a, 186, 18c, 18* is individually 

buck converter. The converters may share a common output compared to the overall average converter channel current of 

capacitance. all ^ converter channels 18a, 186, 18c, and I8d. The 

Referring now to the drawings, and particularly to FIG. 1, ^ current of each converter channel 18a, 186, 18c, I8d is then 

there is shown one embodiment of a 4-channel multi-phase individually and separately adjusted to bring it closer to the 

converter 10 of the present invention. Converter 10 drives average and, therefore, making the converter channel current 

load 12 and includes control circuit 14. Interconnected in each of converter channels l&z, 186, 18c, 18o* substan- 

electrically between load 12 and control circuit 14 are, for tially equal to each other. 

example, four synchronous-rectified buck channels or con- 30 Error amplifier (E/A) 42 has a first input 32/ electrically 

verier channels 18a, 186, 18c, 18o*. More particularly, each connected via feedback path 34 to output 36 of converter 10. 

converter channel 18a, 186, 18c, 18d includes a respective £/A 42 compares the voltage at converter output 36, or the 

converter channel input 22a, 226, 22c, 22d. Control circuit i oa d voltage, to a reference voltage REF electrically con- 

14 includes four control circuit outputs 14a, 146, 14c, 14*, nec ted to input 42a of error amplifier 42. The output voltage 

each ofwhich are electrically connected to a respective one 35 VE/A appearing on output 426 of E/A42 increases when the 

of converter channel inputs 22*, 226, 22c, 22a*. Each con- voltage at output 36 of converter 10 is below the reference 

verter channel 18a, 186, 18c, 180* further includes a respec- voltage applied to input 42a of E/A 42. Conversely, the 

live converter channel output 24a, 246, 24c, 24a*, through output voltage VE/A appearing on output 426 of E/A 42 

which flows a respective converter channel current. Control decreases when the voltage at output 36 of converter 10 is 

circuit 14 provides at each output 14a, 146, 14c, 14a; a ^ above the reference voltage applied to input 42a of E/A 42. 

separate and independent PWM signal, PWM1, PWM2, The current flowing from each converter channel output 

PWM3, PWM4, to each converter channel input 22a, 226, 24a, 246, 24c, 24a* flows through a series resistor (not 

22c, 22a*. The four PWM signals regulate the current flowing shown) in each of current feedback paths 28a, 286, 28c, 28d 

through each converter channel output 24a, 246, 24c, 2U to thereby create V ISENSE1 , V iseNSESf V /S£A ^ 3 , and 

As will be described more particularly hereinafter, the 45 V/sensea* respectively. Each of V /SENSEJf V ISE „ SE2 , 

output currents of converter channels 18a, 186, 18c, 18a", are V /4SEWS£3 , and V,^^, is proportional to the individual 

separately and individually fed back to control circuit 14. converter channel current flowing through converter channel 

The individual PWM signals PWM1, PWM2, PWM3, outputs 24a, 246, 24c, 24a", respectively. Each of V^^, 

PWM4 at each control circuit output 14a, 146, 14c, 14a*, V /5£WSZr2 , \ ISES ^, and V^^, is electrically connected 

respectively, are modified based at least in part upon the 50 to control circuit 14 via feedback paths 28a, 286, 28c, 28a", 

fed-back converter channel current. The modified or respectively. However, it is to be understood that the series 

adjusted individual PWM signals PWM1, PWM2, PWM3, resistor may be integrated within control circuit 14, in which 

PWM4 are provided to each converter channel input 22a, case feedback paths 28a, 286, 28c, 28a* would deliver the 

226, 22c, 22a*. More particularly, control circuit 14 includes converter channel currents flowing through converter chan- 

current feedback lines 28a, 286, 28c, 28a* which electrically 55 nel outputs 24a, 246, 24c, 24a", respectively, and in which 

connect a respective one of converter channel outputs 24a, case V^^, V^^, V^^, and V^^ 4 would be 

246, 24c, 24d to a respective one of control circuit inputs created internally of control circuit 14. 
32a, 326, 32c, 32a*. Thus, each of current feedback lines 28a, Surnming circuit 44 includes inputs 44a, 446, 44c, 44a*, 

286, 28c, 28a" provide a current feedback path for each of the each of which are electrically connected to control circuit 

converter channel currents flowing through converter chan- 60 inputs 32a, 326, 32c, 32rf, thereby connecting inputs 44a, 

nels 18a, 186, 18c, and 18a", respectively. Each of feedback 446, 44c, 44o* of summing circuit 44 to V JSEN sev v isensez> 

lines 28a, 286, 28c, 28a*, are considered as forming a part of V ISENS e^ V ISENSEAi respectively. Summing circuit 44 adds 

four separate control circuit channels. together each of V rsENSEli V JSENSEZ , V lsENSEV and 

It is preferred to use a feedback method that provides a V/sensea* an<3 produces a signal proportional to the sum of 

separate feedback signal from each of converter channels fi 5 VfSENSEl* Y/SEMSK> ^ /SENSES* ^ISENSEA OUtpUt 44/ 

18a, 186, 18c, 18d to each control circuit channel. The Output 44/of summing circuit 44 is electrically connected to 

separate feedback signals are each proportional to the con- input 46a of scaling circuit 46. Scaling circuit 46 scales (i.e., 
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divides by 4) the sum of V /5£AWE3 , V /S£NSE2 , V iSEMSEa$ and of the current flowing within converter channel 186. Ideally, 
v isense4 to hereby produce signal which is pro- each of the AI,, AI 2 , AI 3 , and Al 4 signals will be zero, thus 

portional to the average of Vjsensei^ Yisewbe* y is£tfS£3> indicating equal converter channel currents are flowing 
aDd v /sctusc4> al out P ut ™. through each of converter channels 18a, 186, 18c, 184. 

Each control circuit channel includes a respective sub- 5 Signals AI 2 , AI 2 , AI 3 , AI 4 are input into subtraction circuits 
traction circuit 48, 50, 52, 54. Each of subtraction circuits 58, 60, 62, 64, respectively. 

48, 50, 52, 54 include inputs 48a and 486, 50a and 506, 52a Each control circuit channel includes a subtraction circuit 
and 526, and 54a and 546, respectively. Input 48a of 58, 60, 62, 64. Each of subtraction circuits 58, 60, 62, 64 
subtraction circuit 48 is electrically connected to input 32a include respective inputs 58a and 586, 60a and 606, 62a and 
of control circuit 14, thereby connecting input 48a of 10 626, and 64a and 646. Inputs 58a, 60a, 62a, and 64a are 
subtraction circuit 48 to V /SENSEV Input 50a of subtraction electrically connected to Gl, G2, G3, and G4, respectively, 
circuit 50 is electrically connected to input 326 of control thereby connecting each of subtraction circuits 58, 60, 62^ 
circuit 14, thereby connecting input 50a of subtraction and 64 to signals AI,, AI^ AI 3 , AI 4 , respectively. Each of 
circuit 48 to V^^. Input 52a of subtraction circuit 52 is inputs 586, 606, 626, and 646, are electrically connected to 
electrically connected to input 32c of control circuit 14, 15 output 426 of E/A42, thereby connecting each subtraction 
thereby connecting input 52a of subtraction circuit 48 to circuit 58, 60, 62, and 64 to VE/A. As described 
Vjsensez* likewise, input 54a of subtraction circuit 54 is hereinabove, VE/A increases when the voltage at output 36 
electrically connected to input 32a* of control circuit 14, of converter 10 is below the reference voltage REF applied 
thereby connecting input 54a of subtraction circuit 48 to to input 42a of E/A 42. Conversely, the output voltage VE/A 
Vjsensea' Sac 0 in P ut 486» 506, 526, and 546 of subtraction 20 of output 426 decreases when the voltage at output 36 of 
circuits 48, 50, 52; 54, respectively, is electrically connected converter 10 is above the reference voltage REF applied to 
to output 466 of scaling circuit 46, thereby connecting each input 42a of E/A 42. Difference or subtraction circuits 58, 
input 486, 506, 526, 546 to V avenge . Each of the subtraction 60, 62, and 64 compare a respective one of AI ^ AI 2 , AI 3 , and' 
circuits 48, 50, 52, 54, subtracts V averuge from each of AI 4 to signal VE/A Outputs 58c, 60c, 62c, and 64c of 
Ykemsei' ^tsEKSE^ V is£NSE& anQt v isense^ More 25 subtraction circuits 58, 60, 62, 64, respectively, are electri- 
particularly, subtraction circuit 48 subtracts V avemge from cally connected to a respective one of PWM amplifiers 68, 
Yhewsei. subtraction circuit 50 subtracts V average from 70, 72, 74. 

V/sense* subtraction circuit 52 subtracts V avcrage from Each control circuit channel includes a PWM amplifier 
JWa*, and subtraction circuit 54 subtracts V average from 68, 70, 72, 74. Each of FWM amplifiers 68, 70, 72, 74 
Vjsensea- Tte result of the subtraction performed by each 30 include inputs 68a and 686, 70a and 706, 72a and 726 and 
of subtraction amplifiers 48, 50, 52, 54 represent the differ- 74a and 746, respectively. Inputs 68a, 70a, 72a, 74a are 
ence between the current flowing through a respective one of electrically connected to outputs 58c, 60c, 62c, 64c 
converter channels 18a, 186, 18c, 18d and the average of the respectively, of subtraction circuits 58, 60, 62,' 64, respec- 
converter channel currents being sourced conjunctively by tivery. Each input 686, 706, 726, 746 is connected to a 
converter channels 18a, 186, 18c, 18a* (i.e., the value rep- 35 reference PWM waveform. PWM amplifiers 68, 70, 72 74 
resented by V averag J. Outputs 48c, 50c, 52c, and 54c of modify the reference PWM waveform dependent at leas't in 
subtraction circuits 48, 50, 52, 54, respectively, are electri- part upon inputs 68a, 70a, 72a, 74a, respectively. More 
cally connected to a respective one of compensation circuits particularly, the pulse width of the reference PWM will be 
G - individually and separately modified by each PWM ampli- 

Each control circuit channel also includes a compensation 40 fier 68, 70, 72, 74 dependent at least in part upon a respective 
circuit Gl, G2, G3, G4. Each compensation circuit Gl, G2, one of inputs 68a, 70a, 72a, 74a. The individually and 
G3, G4 performs current loop compensation functions, such separately modified reference PWM waveforms appear at 
as, for example, gain or filter functions to shape the current control circuit outputs 14a, 146, 14c, 14a* of PWM ampli- 
feedback wave, to achieve adequate current balancing, or to fiers 68, 70, 72, 74, respectively, as signal PWM1, PWM2, 
prevent current loop instability. Each compensation circuit 45 PWM3, and PWM4, respectively. The modification of the 
Gl, G2, G3, G4 may include at least one pole and zero. The reference PWM waveform by each PWM amplifier 68, 70, 
output of each compensation circuit Gl, G2, G3, G4 repre- 72, and 74 is in such a direction as to bring the converter 
sents the difference between the current flowing through a channel current of each converter channel 18a, 186, 18c, 18a" 
respective one of converter channels 18a, 186, 18c, 18a" and closer to the average output current, V ave J e . More 
the overall average of the converter channel currents being 50 particularly, the pulse width of each of signals'pWMl 
sourced conjunctively by converter channels 18a, 186, 18c, PWM2, PWM3, PWM4, will be modified (i.e. shortened or 
18d (i.e., the value represented by V^^), and is repre- lengthened) in such a direction as to bring the converter 
sented by signals AI 5 , AI 2 , AI 3 , A 4 , respectively. Thus, channel current of each converter channel 18a, 186, 18c, 18a* 
signals M lt AI^ AI 3 , AI 4 represent the difference between closer to the average output current, V^ Each signal 
the overall average of the converter channel currents being 55 PWM1, PWM2, FWM3, and PWM4 of PWM < amplifiers 68 
sourced conjunctively by converter channels 18a, 186, 18c, 70, 72, 74, respectively, is electrically connected to a respec * 
18a" (i.e., the value represented by V^^) and the actual live one of converter channel inputs 22a, 226, 22c, and 22d*, 
value of the current flowing within converter channels 18a, respectively, as described hereinabove. 
186, 18c, and 18a*, respectively. More particularly, and for In use, when converter 10 is operating under, for example, 
example, AI A represents the difference between the overall 60 the condition that converter channel 18a is carrying a* 
average of the converter channel currents being sourced converter channel current that is higher than the average of 
conjunctively by channels 18a, 186, 18c, 18a", and the actual all converter channel currents, as represented by V 
value of the converter channel current flowing within con- subtraction circuit 48 will generate a positive AI a signal 
verier channel 18a. likewise, and as a further example, AI 2 This positive AI, is input into subtraction circuit 58. Sub- 
represents the difference between the overall average of the 65 traction circuit 58 subtracts the positive AIj signal from 
converter channel currents being sourced conjunctively by VE/A, i.e. the output of error amplifier 42, thereby reducing 
converter channels 18a, 186, 18c, 18rf, and the actual value output 58c, which is electrically connected to input 68a of 



